OBJECTIVE: Hepatic lipoprotein production is important to the understanding of mechanisms involved in the development of fatty liver and hyperlipidemia. Previously, we have reported that hepatic fatty acid synthesis and apolipoproteinB transcription are increased in obese rats. Here, we describe the effects of a high sucrose diet on hepatic fatty acid synthesis and apolipoprotein gene expression in obese rats. DESIGN: Obese rats with ventromedial hypothalamic lesions were fed on a high sucrose diet (30.3% of cal) or lab chow for 11 weeks. RESULTS: Serum triglycerides and plasma immuno-reactive insulin concentrations were further increased in the obese rats fed a high sucrose diet. The experimental diet increased the activity of hepatic acetyl-CoA carboxylase, the rate limiting enzyme for hepatic fatty acid synthesis, and triglycerides content, concurrent with an increase abundance of apolipoproteinA-IC mRNA in the obese rats. Despite further accumulation of hepatic triglycerides there was no further increase in hepatic apolipoproteinB mRNA abundance in the obese rats fed the high sucrose diet. CONCLUSION: These data suggest that the synthesis of hepatic fatty acids but not of apolipoproteinB is further increased in obese rats fed the high sucrose diet, and that apolipoproteinA-IV gene expression may be modulated in response to alterations in hepatic triglycerides¯ux.
Introduction
Since the liver is the major source of plasma lipoproteins, hepatic lipoprotein production is important to our understanding of the mechanisms involved in the development of hyperlipoproteinemia and fatty liver. The biosynthesis of very low density lipoproteins (VLDL) in the liver is a complex process requiring the coordinate synthesis and assembly of a variety of lipid and apolipoprotein components in the lumen of the endoplasmic reticulum and the Golgi apparatus of hepatocytes. 1, 2 An important questions is the means by which signals resulting from changes in nutritional status alter the rate of assembly and secretion of VLDL particles at the molecular level. In this respect, much attention has been focused on apolipoprotein B (apoB), the polypeptide which forms the structural framework of the VLDL particle and without which hepatic triglycerides secretion is not possible. 3 Animals with lesions of the ventromedial hypothalamus (VMH) developed marked accumulation of fat in adipose tissue and liver. 4±6 Thus, obese rats with VMH lesions are a useful experimental model of fatty liver in association with obesity. 7±9 We reported previously 8 that electron microscopic examination revealed an abundance of lipoprotein particles in the Golgi of hepatocytes from obese rats with VMH lesions. Furthermore, we also reported that the abundance of apolipoproteinB (apoB) mRNA and the activity of acetyl-CoA carboxylase, the limiting enzyme for the synthesis of fatty acids, were higher in the liver of obese rats than in controls. 9 Two processes, the synthesis of apoB and fatty acids, may be tightly coordinated in VMH-lesioned obese rats.
ApoB isolated from plasma lipoproteins exists in two distinct molecular weight forms, apoB100 and apoB48. ApoB100 and apoB48 show tissue-speci®c expression. In rats, apoB100 is made exclusively by the liver, whereas apoB48 is made by both the liver and intestine. ApoB48 is produced via a unique posttranscriptional modi®cation, RNA editing, of the apoB100 message. This involves a single base change in which the CAA codon normally encoding Gln-2153 in apoB100 is substituted for the stop codon UAA. Rat liver normally contains both edited and unedited apoB mRNAs and rat hepatic apoB mRNA editing is regulated in response to nutritional modulation. 10 An increase in hepatic apoB mRNA editing was found in rats subjected to fasting and refeeding a carbohydrate diet, a maneuver which produced a 30-fold increase in hepatic triglycerides content. Since each VLDL particle is though to contain only one molecule of apoB, 11 it might be expected that these particles are metabolized via different pathways.
Other apolipoproteins (for example apoE, apoA-IV, and the C apolipoproteins) are also found in the newly secreted VLDL particles. 12, 13 Although the function of apoA-IV in the context of cellular lipoprotein assembly and secretion is unknown, several lines of evidence however implicate a strong association between apoA-IV gene expression and triglycerides synthesis and secretion. 14±18 A report that circulating serum apoA-IV was correlated in fasting human subjects with serum triglycerides concentrations, in the absence of chylomicronemia, was argued by the authors to raise the possibility that hepatic synthesis of apoA-IV may be of importance in some individuals. 16 Both serum triglyceride concentration and hepatic apoA-IV gene expression were decreased in the estrogen-treated rats. 17 Dexamethasone administration to animals produces hepatic triglycerides accumulation. Dexamethasone also increases apoA-IV gene expression, taken together with numerous reports of augmented hepatic triglycerides secretion, in both the in vivo and in vitro setting, raise the possibility that apoA-IV may assume a functional role in facilitating triglycerides export. 18 Thus, the con¯uence of these events suggests the possibility that aspects of cellular triglycerides metabolism may be of importance in the regulation of hepatic apoB mRNA abundance and the extent of apoB mRNA editing, and apoA-IV gene expression.
Diets rich is sucrose cause an impaired glucose tolerance, increase the synthesis and secretion of VLDL by the liver 19 and induce hypertriglyceridemia in man and experimental animals. 19±21 The VLDL particles secreted are larger in size and enriched in triglycerides, apoE, and apoC-III.
20±22 Total production of apoE and apoC-III by the rat liver seems to be increased as well. 22±24 Since sucrose alters the apoE and C-III content of VLDL, it can be suggested that hepatic triglycerides¯ux could modulate the gene expression of apoB and apoA-IV.
In this report, we have examined the effects of altered cellular triglycerides¯ux in an attempt to dissect the molecular mechanism linking alterations in lipoprotein assembly to the regulation of apolipoprotein gene expression. A combination of VMHlesion-induced obesity and sucrose feeding was used to modulate hepatic triglyceride¯ux to various extents in order to assess its association with apolipoprotein gene expression. A diet containing 30% of calories as sucrose was chosen because of its divergent effects on glucose tolerance, and its consequences on liver triglycerides metabolism, in lean and obese animals.
Materials and methods

Treatment of animals
Female Sprague-Dawley rats (14 weeks old) were used for all experiments (Nihon Dobutsu Co Ltd., Osaka, Japan). Rats were housed in a temperature controlled room (23 AE 2 C) with a 12 h light-dark cycle (8:00 am±8:00 pm). Animals were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and VMH lesions were induced by electrolysis using a double coordinate system developed by us. 25 Coordinates for electrode placement were determined with reference to the interaural line and the bregma. The top of the upper incisor bar was 3.5 mm above the interaural line. A stainless steel electrode (RNEBX 30 6 500 mm, David Kopf Instruments, CA) was positioned according to the following coordinates: 7.6 AE 0.6 mm anterior to the interaural line, 0.7 mm lateral to the mid-sagittal sinus, and 9.8 AE 0.3 mm ventral to the bregma. Two mA of direct current was passed cathodically for 30 s. Control animals underwent a shamoperation. Before and after surgery, all rats were given lab chow and water ad libitum. The lab chow (Funahashi Farmer, Chiba, Japan) contained 26.7% of cal from protein, 12.8% from fat and 60.6% from carbohydrates (mostly starch). The VMH-damaged and sham-operated rats were randomly divided into one of two groups one week after surgery. One group was continuously fed lab chow and the other was fed the high sucrose diet for 11 weeks. The high sucrose diet contained 26.7% of cal from protein, 12.8% from fat, 30.3% from starch and 30.3% from sucrose. Experimental animals thus consisted of four groups as follows: group (A), sham-operated rats fed lab chow; group (B), sham-operated animals fed the high sucrose diet; group (C), VMH-damaged animals fed lab chow; and group (D), VMH-damaged animals fed the high sucrose diet. During this period, food consumption and body weight were measured every three days. The food intake of VMH-lesioned obese rats was about two-fold higher than that of shamoperated rats (A: 3.5 g/d/rat, C: 7.6, P`0.01) during the experimental period. However, there was no difference in food intake between groups (A) and (B: 3.4) or between groups (C) and (D: 7.5).
Eleven weeks after the operation, the rats were starved for 20 h before killing. The rats were anesthetized by an intraperitoneal injection of pentobarbital (30 mg/kg body weight), and blood samples were collected from the abdominal aorta and the portal vein between 1:00 pm and 2:00 pm. Livers were removed and aliquots were immediately frozen in liquid nitrogen for subsequent RNA extraction and lipid analysis. Separate aliquots were perfused with 0.25 M sucrose and frozen in liquid nitrogen for subsequent analysis of apolipoprotein content.
Analytical biochemical procedures
The serum concentrations of triglycerides and cholesterol were determined by enzymatic methods (Determiner TG S555 and Determiner CH, Kyowa Medex Co. Ltd, Tokyo, Japan). The serum concentration of free fatty acids was also determined using an enzymatic method (NEFA C-test, Wako, Osaka, Japan) with 4 h after blood collection. Plasma glucose was measured by a glucose oxidase method (Fuji DriChem Glucose Analyzer, Fuji Medical Systems Co. Ltd, Tokyo, Japan) and fasting plasma insulin (IRI) was measured by a double antibody method using human insulin as the standard (Phadeceph Insulin RIA kit, Shionogi Co, Ltd, Tokyo, Japan).
Hepatic lipids were extracted as described previously, 17, 18 separated by thin-later chromatography using Silica G, and triglycerides were isolated. Fatty acid methyl esters were prepared and analyzed by gasliquid chromatography. 18 Hepatic free cholesterol concentration was determined using coprostanol as an internal standard. 17 After saponi®cation and extraction, total cholesterol was reassayed and the cholesterol ester mass was calculated as the difference between free and total cholesterol and normalized to the protein concentration. 17 
Characterization of apolipoprotein gene expression
Total hepatic RNA was extracted with 5 M guanidine thiocyanate as described. 18 Quanti®cation of apoB mRNA was determined by slot-blot analysis of serial RNA dilutions (5, 2.5, 1 g) applied directly to nylon membranes and probed with a 661 bp rat apoB cDNA, which had been labeled by random priming. Quanti®cation of apo A-IC, C-III and E mRNA was determined by northern analysis of 20 g RNA following transfer (Vacu GeneTM XL , Pharmacia Biotech AB, Uppsala, Sweden) from denaturing 2% formaldehyde-1% agarose gels. After ®xation at 80 C for 2 h, membranes were prehybridized and subsequently hybridized and washed under conditions of high stringency as previously detailed. 18 Blots were exposed to XAR ®lm (Kodak, Rochester, NY) at 770 C using intensifying screens. mRNA content was calculated by scanning laser densitometry using exposures adjusted for linearity.
ApoB mRNA editing
Direct RNA primer extension was conducted as previously described. 17, 18 Samples (10 g) of total RNA were annealed to a 32 P end-labeled 35-mer oligonucleotide complimentary to rat apoB (5 H end at nucleotide 6708) by overnight incubation at 45 C in a solution of 50 mM PIPES, pH 6.4 and 200 mM NaCl. After ethanol precipitation, the samples were resuspended in 50 mM Tris-HCi, pH 6.2, 6 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM of dATP, dCTP, dTTP, and 0.5 mM of dideoxy GTP. Extension was allowed to proceed for 90 min at 42 C using 10 units of MMLV reverse transcriptase. After ethanol precipitation, the extension products were resolved by gel electrophoresis on an 8% polyacrylamide-urea gel and subjected to autoradiography at 770 C using intensifying screens. Based on the nucleotide sequence of rat apoB cDNA, the extended products corresponded to 43 (CAA at nucleotide 6666) or 48 bases (UAA at nucleotide 6666, next C at nucleotide 6661). The ratio of edited to unedited apoB transcript was determined by laser densitometric scanning of the autoradiogram.
Assay for acetyl-CoA carboxylase Liver tissue was homogenized by hand in 9 volumes of 50 mM imidazole-HCI buffer (pH 7.3) containing 10 mM sodium citrate, 10 mM MgSO 4 , 0.5 mM EDTA and 7 mM mercaptoethanol and centrifuged for 4 min.
Acetyl-CoA carboxylase activity was determined by measuring the incorporation of [ 14 C] bicarbonate into acid-stable material at 30 C for 2 min (since the reaction is linear for only the ®rst 3 min) as previously reported. 8 Protein concentration was determined colorimetrically. 18 
Immunoblot analysis of apolipoprotein
Perfused liver samples were homogenized in PBS (ph 7.5) containing the following protease inhibitors: PMSF (1 mM), benzamidine (1 mM), leupeptin (100 M), EDTA (5 mM), aprotinin (450 M), and TLCK (25 M). Reduced, detatured samples (100 g total protein) were fractionated through SDS-polyacrylamide gels (10% separating, 4% stacking) at 25 mM for 1 h and 35 mA for 4 h at 4 C. Samples were transferred to a PVDF membrane (Millipore, Bedford, MA) at 4 C, as previously described. 18 The membranes were blocked in Blotto buffer (5% nonfat dry milk, 0.01% antifoam, 0.5% Tween-20) at room temperature for 30 min then incubated with rabbit anti-rat apoA-IV antiserum (1:2500 dilution) in Blotto buffer overnight at 4 C. Blots were washed three times for 5 min in TTBS (10 mM Tris-HCI, pH 6.5, 150 mM NaCl, 0.05% Tween-20) and incubated with a secondary antibody (1:2500 dilution of donkey anti-rabbit IgG-horseradish peroxidase-linked whole antibody, Amersham Buckinghamshire, UK) for 2 h at room temperature. Enhanced chemiluminescence detection (ECL, catalog # RPN 2106 Amersham, Buckinghamshire, UK) was performed according to the manufacturer's instructions. The blots were scanned by laser densitometry after exposure to XAR ®lm for 2±3 min.
Data presentation and statistical analysis
All data are presented as the mean AE s.e.. Comparisons between groups were made using an unpaired ttest. Statistical differences were analyzed using two way analysis of variance (two-way ANOVA). Regression analysis was conducted using the Cricket Graph 1.3 program (Computer Associates, New York, NY). A P value`0.05 was considered signi®cant. There were no differences in the ®nal body weight between animals fed the high sucrose diet and those fed standard lab chow in both obese and shamoperated rats A vs B, C vs D) ( Table 1 ). The weight of the liver from obese rats was signi®cantly higher in animals from the high sucrose group than in the standard lab chow group (C vs D), but no difference in liver weight was observed between the two groups of sham-operated rats A vs B). The high sucrose diet further increased plasma IRI concentration in obese rats (D: 47 AE 5, C: 26 AE 4, P`0.05) ( Table 1) . However, the plasma glucose concentration was unchanged in the obese rats fed the high sucrose diet (C vs D). Serum triglycerides and cholesterol concentrations in obese rats fed the high sucrose diet (D) tended to be higher than those of obese rats fed standard lab chow (C), however, there was no effect of the high sucrose diet on the serum lipid concentration of sham-operated rats (A vs B) ( Table 2) . Additionally, free fatty acid concentration in the portal blood showed a trend toward elevated concentration in obese rats fed the high sucrose diet, although this did not achieve statistical signi®cance.
The high sucrose diet further increased triglycerides content in the liver of obese rats (Table 2) . Light microscopic examination of specimens from these animals showed increased fat-®lled hepatocytes throughout the lobules (Figure 1 ).
Acetyl-CoA carboxylase activity in the liver
The high sucrose diet did not increase hepatic acetylCoA carboxylase activity in sham-operated rats (A vs B). By contrast, the high sucrose diet augmented the increase in acetyl-CoA carboxylase activity in the liver of obese rats (D: 18.1 AE 1.1, C: 13.9 AE 0.8, P`0.05) (Figure 2 ).
Apolipoprotein mRNA abundance in the liver
Hepatic apoB mRNA abundance was not different between obese rats fed standard lab chow and those fed the high sucrose diet (C vs D) (Figure 3) . No difference in the extent of hepatic apoB mRNA editing was observed between obese rats fed standard lab chow and those fed the high sucrose diet (C vs D) (Figure 4 ). Hepatic apoA-IV mRNA abundance was increased 2.5-fold in VMH-lesioned rats, and the high Signi®cantly different from group (C) at P`0.05.
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sucrose diet augmented the already increased hepatic apoA-IV mRNA in obese rats (C vs D, 1.8-fold) ( Figure 5 ). There was no difference in the degree of gene expression of apoE and C-III between the rats fed the high sucrose diet and those fed standard lab chow (A vs B, and C vs D).
Hepatic apoA-IV protein concentration
The hepatic apoA-IV protein concentration was increased 1.4-fold in sham-operated animals fed the high sucrose diet ( Figure 6 ). The hepatic apoA-IV protein concentration was increased 5-fold and 7-fold, respectively, in VMH-lesioned obese rats fed standard lab chow and in VMH-lesioned obese rats fed the high sucrose diet. The concentration of IRI in portal blood correlated with hepatic acetyl-CoA carboxylase activity (r 0.44, P`0.05), and acetyl-CoA carboxylase activity correlated with hepatic triglycerides content (r 0.74, P`0.0005) (Figure 7 ).
Discussion
ApoB plays a central role in assembly of triglyceridesrich lipoproteins. 1 In view of the essential role of apoB in the assembly and secretion of hepatic VLDL particles, a better understanding of mechanism(s) involved in the regulation of its synthesis is of considerable interest. Hepatic apoB mRNA levels appears to be quite stable in vitro, 26 however, several reports including our previous reports 8 demonstrated the increased expression of apoB gene in vivo. 10, 27 Hepatic apoB m RNA abundance is increased by 30% in hypothyroid rats 27 and by 80% in 48 h fasted rats. 10 In this report, we have examined the effects of altered cellular triglycerides¯ux in an attempt to dissect the molecular mechanism linking alterations in lipoprotein assembly t the regulation of apolipoprotein gene expression including apoB.
To modulate cellular triglycerides¯ux, we used VMH-lesioned obese rats fed a high sucrose diet or lab chow. Ventromedial hypothalamic lesions increase plasma IRI concentration and, consequently, the activity of hepatic acetyl-CoA carboxylase. Taken together, the increased availability of substrates for triglycerides synthesis due to hyperphagia suggested that hepatic fatty acid synthesis was markedly enhanced by hyperinsulinemia in obese rats fed a standard diet as previously described. 8 In this study, obese rats showed an increase in hepatic apoB mRNA amount without increased extend of apoB mRNA editing. It is assumed that insulin acted directly on the liver to promote the production of VLDL. However, insulin does not affect the expression of apoB gene in HepG2 cells. 26 The mechanism by which hepatic apoB mRNA increased remains unknown.
The intake of high sucrose diet caused a further increase in plasma IRI concentration, hepatic acetylCoA carboxylase activity, and triglycerides content in obese rats. Increased hepatic acetyl-CoA carboxylase Figure 4 RNA primer extention to determine the proportions of edited and unedited apoB mRNA. Aliquots of total hepatic RNA (10 mg) were annealed to an antisense primer that was reversetranscribed using ddGTP and dA, C, T-TPs as detailed in Methods. The mobilities of unedited (CAA) and edited (UAA) apoB mRNAs are shown; (B) Bar graph depicting the ratio of edited to unedited apoB mRNA species determined from the primer extension analysis shown above. The data are plotted as %UAA with the mean and standard error for triplicate assays shown. A: sham-operated rats fed lab chow, B: sham-operated rats fed high sucrose diet, C: VMH-lesioned obese rats fed lab chow, D: VMH-lesioned obese rats fed high sucrose diet. Figure 5 Hepatic apolipoprotein mRNA abundance in VMHlesioned and control rats fed high sucrose diet or lab chow. Total RNA (20 mg) was fractionated through 1% agarose-formaldehyde gels prior to transfer to nylon membranes. Northern transfers sequentially probed under high stringency for apolipoprotein transcripts with transfer equivalence validated using 18S rRNA. A: sham-operated rats fed lab chow, B: sham-operated rats fed high sucrose diet, C: VMH-lesioned obese rats fed lab chow, D: VMH-lesioned obese rats fed high sucrose diet. Figure 6 Hepatic apoA-IV concentration was determined by immunoblot analysis of hepatic proteins (100 mg protein) after denaturing SDS-PAGE and transfer to PVDF membranes. A: sham-operated rats fed lab chow, B: sham-operated rats fed high sucrose diet, C: VMH-lesioned obese rats fed lab chow, D: VMH-lesioned obese rats fed high sucrose diet.
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Y Inui et al activity and the increased availability of substrates for triglycerides synthesis due to hyperphagia suggested that hepatic fatty acid synthesis was markedly enhanced by hyperinsulinemia in obese rats fed a high sucrose diet. Despite the increase in hepatic triglycerides accumulation, there was no changes in hepatic apoB mRNA abundance nor in the extent of apoB mRNA editing in obese rats def a high sucrose diet compared to those fed chow. ApoB mRNA content was increased in the liver of obese rats, but unaffected in the liver of obese rats fed a high sucrose diet, which strongly enhanced fatty acid synthesis. These studies indicate that gene expression of apoB is not strictly linked to fatty acid synthesis or sucrose metabolism. Refeeding fasted rats with a high carbohydrate diet has been reported to increase the extent of apoB mRNA editing. 10 One of possible explanations for the discrepancy between this study and the previous report 10 on refeeding fasted rats may be related to the duration of the dietary period. 23, 28 Another explanation may be the dietary sucrose content. Cohen described that the period needed to develop the impaired glucose tolerance varied with the concentration (percentage of the sucrose in the diet). 29 In animals fed a diet containing 72% sucrose, this period was 21±40 d, whereas on a diet with 33±40% of calories derived from sucrose, about 100 d of feeding were needed.
Intake of the sucrose diet (30.3% of cal) had divergent effects in VMH-lesioned obese and sham-operated rats. The sucrose diet (30.3% of cal) given for 11 weeks does not cause impaired glucose tolerance in sham operated rats. 29 The food intake of VMH-lesioned obese rats was about two-fold higher than that of sham-operated rats during the experimental period, resulting in a further increase of plasma IRI concentration in VMH-lesioned obese rats fed a sucrose diet.
The noncoordinate alterations of apolipoprotein gene expressions suggest that transcription of these genes is controlled by more than one regulating element. Apo A-IV gene expression was further increased in obese rats fed a high sucrose diet. When insulin was incubated with primary cultures of rat hepatocytes, apoA-IV mRNA level was higher than in non-treated control hepatocytes. 30 The present ®ndings, that the intake of a high sucrose diet augmented hepatic triglycerides accumulation and hypertriglyceridemia in obese rats, with numerous previous reports of augmented hepatic triglycerides secretion in vivo and in vitro, suggests that sucrose facilitates triglycerides export. The similarity between treatment-induced changes in hepatic triglycerides metabolism and apoA-IV abundance raises the possibility that apoA-IV may assume a functional role in facilitating triglycerides export. The mechanism underlying induction of increased hepatic apoA-IV mRNA abundance by changes in either cellular triglycerides content in unknown.
In summary, a high sucrose diet increased the activity of hepatic acetyl-CoA carboxylase, the rate limiting enzyme for hepatic fatty acid synthesis, and triglycerides content, concurrent with an increase abundance of apolipoproteinA-IV mRNA in the obese rats. Despite further accumulation of hepatic triglycerides there was no further increase in hepatic apolipoproteinB mRNA abundance in the obese rats fed the high sucrose diet. These data suggest that the synthesis of hepatic fatty acids but not of apolipoproteinB is further increased in obese rats fed the high sucrose diet, and that apolipoproteinA-IV gene expression may be modulated in response to alterations in hepatic triglycerides ux. 
